Abstract This study aimed to determine the efficacy of PEMF (pulsed electromagnetic field) treatment in experimental osteochondral defect healing in a rabbit model. The study was conducted on 12 New Zealand white rabbits. Six rabbits formed the study group and six rabbits the control group. The right knee joints of all 12 animals were exposed and a 3.5-mm diameter osteochondral defect was created in the trochlear groove. The defect was filled with calcium phosphate scaffold. Six animals from the study group were given PEMF of one hour duration once a day for six weeks with set parameters for frequency of 1 Hz, voltage 20 V, sine wave and current ±30 mA. At six weeks the animals were sacrificed and histological evaluation was done using H&E, Safranin O, Maissons trichrome staining and immunohistochemistry for type 2 collagen. The quality of the repair tissue was graded and compared between groups with the Wakitani histological grading scale and a statistical analysis was done. The total histological score was significantly better in the study group (p =0.002) with regeneration similar to adjacent normal hyaline cartilage. Immunohistochemistry for collagen type II was positive in the study group. PEMF stimulation of osteochondral defects with calcium phosphate scaffold is effective in hyaline cartilage formation. PEMF is a non-invasive and cost effective adjuvant treatment with salvage procedures such as abrasion chondroplasty and subchondral drilling.
Introduction
Pulsed electromagnetic field therapy is used as an adjuvant therapy in the management of un-united fractures and in osteoarthritis. This treatment has well documented physiological effects on cells and tissues such as the upregulation of gene expression of members of the TGF-β (transforming growth factor) super family [1, 2] . It also enhances chondrogenic proliferation, differentiation and synthesis of cartilage extracellular matrix proteins [8, 9] . It additionally promotes subchondral bone healing which in turn augments cartilage regeneration [12] . In vitro culture models have shown an increase in growth factor synthesis when human chondrocytes are exposed to magnetic field [9] . Although in vitro effects of PEMFs on articular cartilage are proven, there are very few in vivo studies proving its efficacy [7, 11] .
In a previous study, local expression of TGF-β by treatment with pulsed magnetic field therapy resulted in better bone healing in animal study osteotomy models compared to controls [6] . Our hypothesis was that in full thickness articular cartilage defects resulting in marrow stimulation, growth factors delivered locally by pulsed electromagnetic field (PEMF) should help in the formation of hyaline cartilage. This study aimed to determine the efficacy of PEMF in the treatment of experimental osteochondral defect healing in a rabbit model.
Materials and methods
A total of 12 male adult New Zealand white rabbits were used. The study was approved by the Institutional Animal ethics committee (approval number 02/2008). Six animals formed the study group and six more the control group. The rabbits were anaesthetised using a combination of intramuscular ketamine (35 mg/kg) and xylazine (5 mg/kg). The right knee joint of all 12 animals was exposed through a midline skin incision and a medial parapatellar arthrotomy. The patella was dislocated laterally to expose the trochlear groove. A 3.5-mm diameter osteochondral defect was created in the trochlear groove to a depth of 5 mm. The defect created was filled with calcium phosphate scaffold. The patella was relocated and the wound was closed in layers with absorbable sutures. Postoperatively all animals were given intramuscular enrofloxacin (10 mg/kg) and meloxicam (5 mg/kg) for three postoperative days.
The animals were housed separately. Principles of laboratory animal care were followed. Food and water were given ad libitum. They were randomised into two groups of six as study and control animals by an independent observer not involved in the study. Six animals from the study group were given PEMF of one hour duration once a day for six weeks from day one. Six animals from the control group were sham treated with only immobilisation for one hour without PEMF. They were also allowed free movement out of the cage and within the room regularly.
At six weeks the animals were sacrificed with lethal doses of intramuscular ketamine. The distal femur from the supracondylar region was excised and fixed in 10% buffered formalin for three days. The specimen was sent for histopathological evaluation to an independent observer who was blinded.
Apparatus
The pulsed magnetic field enclosure used for this experiment was designed and fabricated according to the parametrical equations of Fansleau and Brauenbeck. Pulsed electric current from a signal generator energises the coil system such that the frequency, strength and waveform of the output current can be controlled to any set of desired values, thus offering a pulsating magnetic field of any desired frequency, intensity and wave form along the axis of the coil system. The animals were housed directly inside this apparatus, which was made up of two larger (inner) coil frames and two smaller (outer) coil frames in a completely nonmetallic environment. The four coils had the same number of turns and were connected in "series-aiding" configuration. This system is a modified version of the classical Helmholtz coil. The set parameters for the PEMF were frequency of 1 Hz, voltage 20 V, sine wave and current ±30 mA [6] .
Histopathology and immunohistochemistry evaluation
All specimens were decalcified in 10% formic acid, processed in automatic tissue processor Leica ASP300 (Leica Microsystems GmbH, Wetzlar, Germany) and embedded in paraffin. Longitudinal sections of 5-μm thickness were prepared (Leica RM2255, Wetzlar, Germany) and stained (Leica Autostainer XL, Wetzlar, Germany) with haematoxylin and eosin to assess tissue morphology, and with Safranin O-fast green and Masson's trichrome to identify the presence of proteoglycanrich matrix. The quality of the repair tissue in the articular defect that was treated with PEMF (study animals) was compared with that of the untreated defects (control animals) by the modified Wakitani histological grading scale [25] .
The sections were graded according to (1) cell morphology, (2) matrix staining (metachromasia), (3) surface regularity, (4) thickness of cartilage, and (5) integration of donor with adjacent host cartilage; a score was assigned from 0 to 14 by two observers who were blinded of the group to which the animals belonged.
Immunohistochemistry analysis was performed in accordance with the manufacturer's protocol mentioned in the Super Sensitive Polymer-HRP Detection Kit HRP/DAB (BioGenex, USA). All slides were deparaffinised, rehydrated and pretreated with Proteinase K (20 µg/ml in Tris-EDTA buffer pH-8.0) (Axygen, India) at 37°C for 30 minutes. Slides were washed with PBS (Gibco). To reduce endogenous peroxidase activity all sections were incubated with Peroxide Block (Biogenex, USA) for ten minutes. All sections were then treated with Power Block (Biogenex, USA) for ten minutes prior to primary antibody incubation. Monoclonal mouse antihuman collagen type II (Acris Antibodies GmbH, Germany) antibody was diluted (10 µg/ml) with deionised water and applied to the sections which were then incubated for 90 minutes at room temperature in a humidified chamber. After washing with PBS, super enhancer (Biogenex, USA) was applied to the slides for 25 minutes at room temperature. Slides were then incubated with poly-HRP reagent (Biogenex, USA) for 30 minutes. After washing with PBS, the signal was finally visualised as a brownish precipitate, using freshly prepared chromogen substrate 3,3′-diaminobenzidine (DAB) (Biogenex, USA). Sections were counterstained with Mayer's haematoxylin and mounted using low viscosity permanent mounting medium (cytoseal TM 60) (Electron Microscopy Sciences, USA).
Statistical methods SPSS 11.0 (SPSS, Inc., Chicago, IL, USA) for Windows was used for statistical analysis with the help of a statistician. Median and range were presented for both groups separately. Mann-Whitney test was used to compare between the test and control groups. A p-value less than 0.05 was considered statistically significant.
Results
There were no infections or postoperative complications and all animals were used for evaluation of final outcome.
Histopathology

Macroscopic observation
There was no evidence of intra-articular infection or arthrofibrosis. There was no synovitis and osteophyte formation. In most of the study animals the scaffold transplant area, although seen, resembled the adjacent normal cartilage. The surface of the treated group was smooth and the contour was normal. In the control group the scaffold could still be identified. There was a fibrinous cover seen in all the control groups.
Histological findings
Healing of the osteochondral defects was graded by the modified Wakitani histological score after the osteochondral defect areas were examined by means of histological staining, namely, H&E, Safranin O and Masson's trichrome.
The total histological score was significantly better in the animals treated with PEMF than the untreated group (p= 0.002) ( Table 1) . Cell morphology in the study animals was mostly hyaline cartilage compared to controls which had non-cartilage only (p=0.002). The cells were round with morphology of cartilage in the study animals. The cartilage type was mostly hyaline in the PEMF-treated group and noncartilage, i.e. fibrous tissue or fibro cartilage, in the control group (Fig. 1a, b) . The matrix staining in study animals was normal or slightly reduced compared to controls which had no metachromatic stain (p=0.002) (Fig. 2a, b) . The surface was smooth in all animals except in two control animals which had irregular surfaces, and this score was significantly better in the study animals (p=0.041). The surface was also uniformly regular in the study animals. Cartilage thickness in the study group was more than two thirds compared to controls which had less than one third, and this was also significant (p=0.002). There was no significant difference between study and controls in integration of donor cartilage with adjacent host cartilage (p=0.937). Although the integration was similar in both groups, it could not be identified in the study groups due to formation of hyaline cartilage similar to adjacent normal cartilage. The transplant site in the study group was identified based on the presence of subchondral bone remodelling and presence of few areas of scaffold. Notably, subchondral bone regeneration with subsequent scaffold resorption was pronounced in the PEMF-treated group compared to the non-treated controls. Analysis of collagen type II in the defect region of the PEMF-treated group and non-treated animal group at six weeks post-treatment revealed collagen type II in all specimens mainly localised at the pericellular and inter-territorial matrix. Collagen type II exhibited moderate to strong immunopositivity at the specific region of scaffold transplant in the study group, but in the control group it showed no immunopositivity (Fig. 3a, b) .
Discussion
This study was done to determine the efficacy of pulsed electromagnetic field treatment in healing of experimental osteochondral defects in rabbit knees, and it was found that there was complete healing of osteochondral defects in study animals treated with PEMF. The total histological score for cartilage healing was significant and better in study animals. The score for integration of repair tissue with adjacent normal cartilage was however not significant. This was because the scoring was not different for fibrocartilage and hyaline cartilage since it only considers integration at both ends.
Our study has a few limitations. The number of animals used in the study was small. The short-term outcome was checked at six weeks. Another set of animals treated and evaluated for long-term outcome would be beneficial. The rationale to check outcome at six weeks was because PEMF treatment as a modality is followed up for bone healing for six weeks only. Also, in a previous study on rabbit models, the authors claimed healing of 6-mm defects using mesenchymal stem cells in type I collagen scaffold after two weeks of treatment [25] . Hence, we were justified in our six-week treatment.
PEMFs were tested in human and animal monolayer chondrocyte cultures. These in vitro studies have shown that chondrocyte proliferation and matrix synthesis are significantly enhanced by PEMF stimulation [8, 9] . In vivo, it up-regulates the gene expression of growth factor TGF-β and prevents the catabolic effects of inflammatory cytokines [1, 2, 9] .
Growth factors have been known to help in cartilage healing [13, 19, 20] . The TGF-β super family has been used in animal models of cartilage healing [13] . TGFß-1 stimulates prostaglandin and collagen II synthesis. It also counteracts pro-inflammatory cytokine production [15] . Growth factors have the ability to convert mesenchymal stem cells into chondrogenic lineage and hence should be useful in drilling and micro fracture. They also prevent loss of chondrogenicity by terminal differentiation [16] . The other advantage is that it does not allow terminal dedifferentiation to stem cells, which is a potential problem.
The function of each growth factor in articular cartilage is varied. Ideally, a combination of factors would exist which could control various stages of healing. PEMF has shown an increase of multiple growth factor levels. A microarray assay would reveal all growth factors expressed and this would be helpful to know since healing occurs due to an interrelation of growth factor expression at different time intervals. In a previous study quantitative PCR analysis showed increased expression of TGF-β1 and TGF-β2 after six weeks of PEMF stimulation [6] .
Cell-based techniques, when translated to human conditions, have the disadvantage of two surgical interventions, one for harvest of cells and the other for re-implantation of the cultured cartilage. Allogenic culture and transplant can avoid the disadvantage of two operations. However, there is risk of infection and antigenicity. Although the risk of antigenicity seems to be absent in few studies, it needs further evaluation [23] . Osteochondral autograft transfer (OAT) also has the disadvantage of inferior mechanical properties and donor site morbidity although only a single surgical procedure is required [5] . In a comparative study between ACI to micro fracture technique no difference was found in outcome at five years [14] .
Full thickness defects penetrate the subchondral bone and result in healing by bone marrow derived mesenchymal cells. The predominant repair tissue is fibro cartilage with few areas of hyaline cartilage [18, 24] . A marrow stimulation procedure produces fibro cartilage unlike cultured cell transplantation since the quantity of stem cells available during marrow stimulation is less [21] . Tissue engineering strategies are now employed to achieve cartilage healing. We introduced the same strategy by using a three dimensional scaffold after marrow stimulation and then adding growth factor by PEMF stimulation. This was evident by the formation of hyaline cartilage in the study animals. PEMF also has the advantage of being a cost effective alternative to costly growth factors.
The scaffold used provides the structural support for cells from the marrow to migrate and regenerate. The histological superiority of micro fracture with scaffold augmentation compared to only microfracture is documented [10] . It is also known that cartilage cells can redifferentiate better in a three dimensional multilayer culture [17] . We used calcium phosphate scaffold with an average pore size of 200-400 µm, which is considered ideal for cell integration. This scaffold can also withstand the joint pressure until the cells integrate and cartilage regenerates [3] . The disadvantages of periosteal arthroplasty such as hypertrophy of the defect area or bump formation were avoided. The scaffold could be wedged inside the defect created. It was also stable in joint motion. In all the animals the scaffold was intact in the transplanted site. Our procedure is similar to autologous matrix induced chondrogenesis with additional enhancement with growth factors provided through PEMF.
PEMF influences healing in nonunions and similarly it helps in healing the subchondral bone. In our study we found that subchondral bone healing was a key factor in cartilage regeneration. This was also demonstrated in a previous study in which they considered the basis of early osteochondral graft stabilisation and later integration [4] . Increased subchondral bone formation also protects cartilage loss [12, 26] . It also prevents excess stress on the cartilage. Hence, it is important to heal the subchondral bone. PEMF will definitely add to the quality of repair tissue. It is non-invasive with hardly any morbidity. No radiation hazards have been reported at this extremely low intensity of magnetic field [22] .
Beneficial effects of PEMF are now evident in both in vitro and in vivo studies. With regard to in vivo studies, publications so far are on the same animal model [7, 11, 12] . Further studies in large animals are required. Once proven this can be translated to humans since abrasion chondroplasty and drilling are common cartilage healing procedures. In conclusion, PEMF is effective in hyaline cartilage formation in full thickness articular cartilage defects filled with calcium phosphate scaffold.
